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Abstract
Recently published albedo research has resulted in improved growing-season albedo
estimates for forest and grassland vegetation. The impact of these improved estimates
on the ability of climate models to simulate growing-season surface temperature patterns
is unknown. We have developed a set of current-climate surface temperature scenarios
for North America using the Community Climate System Model – Version 3 (CCSM3).
Simulation results suggest that modifications to the default CCSM3 radiative parameters
that are consistent with more recent accurate measurements of albedo values for grasslands
and needle-leaf deciduous trees (NDTs) can reduce the overall growing-season surface
temperature bias over North America in CCSM3 simulations. Copyright  2010 Royal
Meteorological Society
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1. Introduction
Climate researchers have modified the land surface
model (LSM) component of several climate models
to address potential climatic consequences of land-use
strategies (e.g., afforestation) aimed at reducing atmospheric CO2 levels (Betts, 2000; Gibbard et al., 2005;
Bala et al., 2007). In these studies, it was found that in
some regions decreases in shortwave radiation reflectivity (albedo) resulting from afforestation contributed
to climatic warming that was greater than the cooling
effects of reduced atmospheric CO2 associated with
forest growth. These results highlight the importance
of albedo parameters used in LSMs, an area of relative neglect for the last 20 years. The LSMs of many
climate models [e.g., community land model (CLM);
Oleson et al., 2004] utilize the same (or slightly modified) two-stream model of canopy radiation transport
described by Sellers (1985) to calculate albedo on the
basis of foliage optical characteristics, leaf area index,
and plant stem area index (Dorman and Sellers, 1989).
Hollinger et al. (2010) recently compared towerbased measurements of growing-season albedo from
sites in the AmeriFlux network with estimates from
the two-stream canopy radiation transport model
as implemented in the CLM (Oleson et al., 2004).
They found good agreement between measured and
Copyright  2010 Royal Meteorological Society

modeled albedos for several plant functional types
(PFTs) including broadleaf deciduous trees, needleleaf evergreen trees, and various crop species, but
large and systematic biases for grassland and needleleaf deciduous trees (NDTs). The summer two-stream
model grassland albedo estimates were consistent with
measurements from a dry climate (Mediterraneantype) grassland, but up to 50% too high for temperate grasslands. Similarly, the model albedo estimate
for NDTs was only about two-thirds of the measured values. Because grassland and needle-leaf tree
vegetation are regionally important land-cover types,
errors in albedo for these PFTs may result in regional
errors in predicted climate characteristics. The first
objective of this study is to explore the consequences of updated grassland, needle-leaf, and deciduous tree/shrub albedo estimates (based on the albedo
measurements of Hollinger et al. (2010)) on Community Climate System Model – Version 3 (CCSM3)
(Collins et al., 2006) ‘current climate’ (1990–1999)
simulations of growing-season surface temperatures
over North America.
Recent results (Ollinger et al., 2008; Hollinger
et al., 2010) have also demonstrated a correlation
between foliage nitrogen and canopy albedo. In a
world where the nitrogen cycle continues to be
widely perturbed (Vitousek et al., 1997), one potential
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result of anthropogenic nitrogen deposition could be
increases in vegetation albedo. The second objective
of this study is to examine the sensitivity of CCSM3predicted surface temperatures over North America
to modest increases in albedo consistent with continued nitrogen eutrophication of the terrestrial biosphere.
The regional focus on North America for both objectives is, in part, a response to the North American Forest Commission’s recent recommendation that attention be paid to the role of forests in mitigating climate
change (North American Forest Commission, 2008)
and the availability of observational networks over
North America that enhance the accuracy of reanalysis
data sets for validating climate model simulations.

2. Model and experimental design
The CCSM3 is a coupled climate model for simulating the earth’s past, present, and future climate states
(Collins et al., 2006). Within the land model component [Community Land Model – Version 3 (CLM3)]
of the CCSM3, 16 vegetation or PFTs are specified. Each model grid cell consists of a mosaic of
up to three PFTs as well as water and bare ground
(Figure 1). For each PFT, default values have been
assigned to radiative process parameters within CLM3
that characterize the vegetation effects on visible
and near-infrared radiative transfer. These radiative
process parameters include visible and near-infrared

Percent

Figure 1. Percent distributions of the PFTs across the North American domain (excluding corn and wheat) that are used within
the land model component of the CCSM3.
Copyright  2010 Royal Meteorological Society
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leaf and stem reflectance and transmittance parameters that are combined to generate scattering coefficients used to calculate surface albedo values via the
Sellers (1985) two-stream radiative transfer scheme
(Hollinger et al., 2010). The CCSM3 default values for these parameters are identical to the leaf
and stem reflectance and transmittance values published in Dorman and Sellers (1989) (Table I). Four
numerical experiments were set up to test the sensitivity of CCSM3 predictions of growing-season surface temperatures under the ‘current climate’ to specific changes in the default CCSM3 visible and nearinfrared reflectance and transmittance values. The
CCSM3 numerical experiments included a baseline
(BL) simulation of the ‘current climate’ that employed
the default vegetation-related radiative parameter values and three case studies with modified parameter
values.
The first case study (hereafter referred to as RA,
signifying a ‘revised albedo’ test) addressed the recent
findings of potential biases in the default albedo
values for grassland and NDTs used in the CLM3
component of the CCSM3 (Hollinger et al., 2010). In
this study, values for near-infrared reflectance for grass
leaves (0.58–0.50), visible reflectance (0.36–0.25)
and transmittance (0.22–0.07) for grass stems, nearinfrared transmittance (0.38–0.20) for grass stems,
and visible (0.07–0.10) and near-infrared reflectance
(0.35–0.45) for leaves on boreal NDTs were all
modified as noted by red and blue text in Table I.
These changes decreased the surface albedo of all
grassland PFTs and increased the albedo of NDTs,
bringing their values simulated by the CLM3 more
into line with observations (Figure 2). We would
argue that these modifications reflect true surface
characteristics more accurately than the ‘baseline’
case radiative parameters and, therefore, results from
the RA case should have less of a temperature bias
than the default CCSM3 BL case. As shown in
Figure 1, boreal NDTs are not common in the North
American domain; they are generally found in the
Siberian region of Russia, with coverage ranging
from less than 10% to more than 50% of the land
area in specific locations in this region of Russia.
Nevertheless, the boreal NDT radiative parameter
changes were incorporated into the RA case study
to account for any potential large-scale impact on
the climate system brought on by modified radiative
processes in distant and nearby regions relative to
North America.
We then carried out two subsequent case studies (N1 and N2) characterized by modest increases
in the near-infrared reflectance and transmittance for
all tree-dominated PFTs to test the sensitivity of
CCSM3 climate predictions to increases in albedo
values consistent with a more nitrogen-rich world
arising from unintended human activities or a general warming of the climate (Ollinger et al., 2008;
Hollinger et al., 2010). The resulting albedo changes
Copyright  2010 Royal Meteorological Society
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Figure 2. Time series of shortwave albedo for grass and NDT
PFTs under the BL and RA simulations compared with observed
albedo values from Hollinger et al. (2010). Table I summarizes
radiative parameters used in the BL and RA simulations.

were roughly equivalent to those that would be produced by replacing evergreen with deciduous tree
species (midsummer albedo increases of ∼0.03–0.04
and ∼0.05–0.07 for most PFTs under scenarios N1
and N2). The optical properties of crop and grassland
PFTs were not modified because the nitrogen state
of these vegetation types is already routinely managed. In scenario N1, near-infrared leaf reflectance
values were increased by 0.1 for the 11 tree- and
shrub-related functional plant types with all other
reflectance and transmittance values held at the default
values (Table I). Scenario N2 used the modified nearinfrared leaf reflectance values from simulation N1
and further increased the two-stream model scattering coefficient of the 11 tree and shrub PFTs by
increasing foliage near-infrared transmittance by 0.05
(Table I).
Ten-year simulations of the ‘current climate’ were
carried out with the CCSM3 with a grid resolution of T42 (128 × 64 grid points, about 2.8◦ grid
spacing) for the BL, RA, N1, and N2 case studies
using ‘current-climate’ initialization fields. Monthly
means of simulated surface temperatures during the
growing season (March–November) were computed
at each grid point within the North American subdomain (see Figure 3 for the spatial extent of the
domain). The simulated surface temperatures were
then compared with the corresponding surface temperature data over the North American sub-domain
from the National Centers for Environmental Prediction (NCEP)/US Department of Energy (DOE)
Global Reanalysis-2 (henceforth referred to as GR2)
dataset (Kanamitsu et al., 2002). The comparisons
of the individual case study simulations with the
NCEP/DOE GR2 data provide insight into the sensitivity of CCSM3 climate simulations to modified
vegetation radiative parameters and associated albedo
values, and the temporal and spatial patterns of the
growing-season temperature biases that result from
those simulations.

3. Results and discussion
Figure 3 shows the spatial patterns of the March–
November surface temperature biases over North
Atmos. Sci. Let. 11: 319–326 (2010)

Copyright  2010 Royal Meteorological Society

0.07
0.07
0.07 0.10 (RA)
0.10
0.10
0.10
0.10
0.10
0.07
0.10
0.10
0.11
0.11
0.11
0.11
0.11

VIS
0.35 0.45 (N1)
0.35 0.45 (N1)
0.35 0.45 (RA, N1, N2)
0.45 0.55 (N1, N2)
0.45 0.55 (N1, N2)
0.45 0.55 (N1, N2)
0.45 0.55 (N1, N2)
0.45 0.55 (N1, N2)
0.35 0.45 (N1, N2)
0.45 0.55 (N1, N2)
0.45 0.55 (N1, N2)
0.58 0.50 (RA)
0.58 0.50 (RA)
0.58 0.50 (RA)
0.58
0.58

NIR
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.36 0.25 (RA)
0.36 0.25 (RA)
0.36 0.25(RA)
0.36
0.36

VIS
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.58
0.58
0.58
0.58
0.58

NIR

Stem reßectance

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.07
0.07
0.07
0.07
0.07

VIS
0.10 0.15 (N2)
0.10 0.15 (N2)
0.10 0.25 (RA) 0.15 (N2)
0.25 0.30 (N2)
0.25 0.30 (N2)
0.25 0.30 (N2)
0.25 0.30 (N2)
0.25 0.30 (N2)
0.10 0.15 (N2)
0.25 0.30 (N2)
0.25 0.30 (N2)
0.25
0.25
0.25
0.25
0.25

NIR

Leaf transmittance

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.220 0.070 (RA)
0.220 0.070 (RA)
0.220 0.070 (RA)
0.220
0.220

VIS

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.380 0.200 (RA)
0.380 0.200 (RA)
0.380 0.200 (RA)
0.380
0.380

NIR

Stem transmittance

Abbreviations include VIS (visible spectral range) and NIR (near-infrared spectral range). Modifications to the BL default CCSM3 radiative parameters (black) for the RA, N1, and N2 simulations are shown in red (increase)
and blue (decrease). The RA parameter modifications reflect revised and improved albedo estimates from observations while the N1 and N2 parameter modifications reflect potential future albedo changes associated with
a more nitrogen-rich world from human activities or a warming of the climate

Temperate needle-leaf evergreen tree
Boreal needle-leaf evergreen tree
Boreal NDT
Tropical broadleaf evergreen tree
Temperate broadleaf evergreen tree
Tropical broadleaf deciduous tree
Temperate broadleaf deciduous tree
Boreal broadleaf deciduous tree
Temperate broadleaf evergreen shrub
Temperate broadleaf deciduous shrub
Boreal broadleaf deciduous shrub
Arctic C3 grass
Non-arctic C3 grass
C4 grass
Corn
Wheat

PFT

Leaf reßectance

BL

Table I. Leaf and stem reflectance and transmittance values (unitless) used in CCSM3 for the BL, RA, N1, and N2 simulations of the ‘current climate’.
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Figure 3. North American maps of the differences between CCSM3 simulations of the mean March–November ‘current climate’
surface temperatures for the (a) BL, (b) RA, (c) N1, and (d) N2 case studies and the corresponding mean surface temperature
data derived from the GR2 data. Table I summarizes the radiative parameters used in the BL, RA, N1, and N2 simulations.

America for the CCSM3-based BL, RA, N1, and N2
case studies compared to the GR2 data. For the BL
case study (Figure 3(a)), which utilized the default
CCSM3 radiative parameters shown in Table I, the
most significant growing-season mean surface temperature biases were found over Alaska, northwestern
Canada, the southwestern region of the conterminous United States, and Mexico. The CCSM3 simulations resulted in a cold bias ranging from ∼2–6 K
below the GR2-based mean temperatures over Alaska
and northwestern Canada for the same period to
∼1–4 K lower over the central United States. A
warm bias (∼1–6 K) was prevalent over southwestern United States and Mexico. Somewhat smaller
warm biases (∼1–3 K) characterized the midwestern
and southeastern regions of the United States. These
March–November surface temperature bias patterns
over the North American domain are generally consistent with the summertime (June–August) temperature
bias patterns obtained from previous CCSM3 simulation comparisons with the GR surface temperature
data for the current climate (available from NCAR:
http://www.ccsm.ucar.edu/experiments/).
For the RA case study, which examined the effects
of decreased surface albedo values for all grassland
PFTs and increased albedo values for NDTs (Table I),
an overall warming over the March–November period
was observed. Compared to the default CCSM3
parameterizations, the magnitudes of the warm biases
over the southeastern, Midwestern, and southwestern
US regions increased somewhat, while the magnitudes
Copyright  2010 Royal Meteorological Society

of the cold biases over Alaska, northwestern Canada,
and the central United States decreased (Figure 3(b)).
Figure 4(a) and (b), which compares the RA case
study results with the BL case study results, suggests that replacing the default (BL) CCSM3 radiative
parameters with those used in the RA simulation
leads to an overall albedo reduction ranging from
0.02 to 0.06 over North American, which, in turn,
tends to increase the March–November surface temperatures over all of North America except over the
northwestern region of the United States and the
southwestern region of Canada. In our simulations,
mean March–November temperature differences were
largest (1.0–1.5 K) over the south central region of
the United States and over the north central region
of Canada. Mean March–November surface temperatures were 0–1 K lower over the northwestern and
southwestern regions of the United States and Canada
respectively. The reduced reflectance and transmittance values that led to reduced albedo for arctic
and non-arctic grasses in the RA compared to BL
case studies (albedo values supported by other work,
Hope et al., 1991) clearly had a warming effect over
much of North America. This is consistent with the
substantial percentages of grass coverage over many
areas in North America (Figure 1). The likely cooling effect associated with the imposed larger leaf
reflectance and stem transmittance values (increased
albedo) for boreal NDTs (found mostly in Siberia) in
the RA case study (Table I) was not apparent over
much of North America, which has little coverage
Atmos. Sci. Let. 11: 319–326 (2010)
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Figure 4. Simulated mean March–November ‘current climate’ albedo and surface temperature differences between the (a, b) RA,
(c, d) N1, and (e, f) N2 case studies and the BL case study using CCSM3. Table I summarizes the radiative parameters used in the
BL, RA, N1, and N2 simulations.

of this PFT. We believe that the surface albedo
changes resulting from our modified grassland and
deciduous needle-leaf tree parameterizations in the RA
case represent a slight but important improvement in
the default land-surface parameterization of CCSM3,
yielding an average North American growing-season
bias of −0.28 K instead of −0.65 K relative to the
reanalysis data.
When just the CCSM3 near-infrared leaf reflectance
values were increased by 0.1 for the tree and
shrub vegetation types (Table I) in the N1 simulation (a test of model sensitivity to a slight
increase in tree vegetation albedo associated with
deposition of anthropogenic nitrogen or climatewarming-mediated nitrogen mineralization), surface
temperatures generally dropped. We note that we
do not include here other climate system effects of
a perturbed nitrogen cycle (Gruber and Galloway,
Copyright  2010 Royal Meteorological Society

2008). Compared to the BL simulation, albedo values
generally increased (0.02–0.04) over North America (excluding parts of Alaska, parts of northwestern and south-central Canada, and parts of northcentral and western United States), while temperatures
cooled in most areas, except over northern Alaska
and northwestern Canada (Figures 3(c) and 4(c) and
(d)). In areas where the N1 simulation resulted in
lower mean March–November surface temperatures
than the BL simulation, temperature differences were
on the order of 0 to −1.5 K (Figure 4(d)). Averaged over the growing season and across the entire
North American domain, temperatures were ∼0.3 K
lower than the present (BL) model and ∼0.77 K
cooler than our recommended parameters. The trend
toward lower March–November mean surface temperatures over most of North America in the N1 case
study is consistent with the increased growing-season
Atmos. Sci. Let. 11: 319–326 (2010)
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near-infrared leaf-reflectance values prescribed for the
tree- and shrub-related PFTs, which have substantial coverage over much of Canada and the United
States.
The effects of further increasing albedos by increasing both the default CCSM3 near-infrared leafreflectance values and the near-infrared leaf-transmittance values for the temperate and boreal tree
vegetation types on the simulated ‘current climate’
March–November mean surface temperatures are
shown in Figure 3(d) (N2 case study). Further cooling was observed with the increased albedo values
(Figure 4(e)). The most prominent differences in surface temperatures between the N2 and BL simulations
occurred over Alaska, northwestern Canada, and the
area extending from the southeastern United States to
southwestern Canada (Figure 4(f)). Temperature differences ranged from −0.5 to −1.5 K in these areas.
Averaged across the entire North American domain for
the March–November period, the radiative parameters
used in the N2 case study generated surface temperatures that were slightly colder (∼0.05 K) than those
in our N1 case study.
The differences between CCSM3-simulated North
American surface temperatures and reanalysis data
exhibit important monthly variations. Figure 5 shows
the ‘current climate’ monthly mean surface temperature differences between the BL, RA, N1, and N2
CCSM3 simulations and the GR2 data, averaged over
the North American domain for the March–November
period. The BL, RA, N1, and N2 simulations all produced domain-averaged surface temperatures that were
lower than the domain-averaged surface temperatures
from the GR2 data for 7 of the 9 months. Only during
the months of April and May did the BL and RA simulations result in an overall warm bias across the North
American domain. For every month except April and
June, our alternative BL case (RA) produced smaller
biases than the BL case study. Domain-averaged
monthly mean surface temperature differences ranged
from 0.59 to −1.60 K in the BL case study, and 0.84
to −0.93 K for the improved CCSM foliage optical
parameters in the RA case study. When averaged over
the entire March–November period, North American

temperature differences between the BL and RA simulations and the GR2 data were −0.65 and −0.28 K
respectively. The radiative parameters used in the RA
case study reduced the average surface temperature
bias observed with the BL case study by about 56%
over the March–November, North American growing
season. This is a substantial improvement in the overall cold bias associated with the BL case study and
suggests that the modified radiative parameters used
for the RA case study may provide improved CCSM3
surface temperature predictions for the growing season when averaged over the entire North American
domain.
Figure 5 also shows that the increased forest albedo
scenarios (N1 and N2 case studies) resulted in lower
surface temperatures than the BL case study during the April–October period. Differences between
the reanalysis data and model simulations ranged
between −0.04 and −1.71 K for the N1 case study,
and 0.08 and −1.96 K for the N2 case study. Averaging over the entire March–November period, the
modest increases in forest albedo introduced in the
N1 and N2 case studies resulted in an average surface temperature reduction of ∼1 K over the entire
North American domain (−1.05 K for case study N1;
−1.10 K for case study N2). This is similar to the
regional summer temperature decrease of up to 1 K
predicted in simulations from the Hadley Centre Coupled Model – Version 3 (HadCM3) utilizing a 0.04
increase in cropland albedo (Ridgwell et al., 2009).
The increased cooling associated with the higher vegetation albedo values in case studies N1 and N2 is
in contrast with the ∼2.5–5 K surface warming over
North America that is predicted for the end of this century (Christensen et al., 2007). The N1 and N2 case
studies, therefore, suggest that potential increases in
forest albedo values caused by, for example, nitrogen
fertilization from human activities or a general warming of the climate, would likely have a cooling effect
on near-surface temperatures that could partially offset
the expected atmospheric warming caused by greenhouse gas emissions. This cooling effect should be
considered in the development of future climate scenarios.
Further modeling research is needed to determine
how changes in albedo affect the entire climate system, including feedback processes between climatic
variables. Future research is also needed to assess the
significance of the correlation between albedo changes
and surface temperature changes and to determine the
relative impacts of albedo changes associated with
PFTs in other parts of the world on surface temperature
patterns over North America.

Figure 5. Differences in monthly mean surface temperatures
between the BL, RA, N1, and N2 CCSM3 ‘current climate’
simulations and the GR2 data over North America for the
1990–1999 period. Table I summarizes the radiative parameters
used in the BL, RA, N1, and N2 simulations.
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